Aims Aluminium (Al) toxicity is one of the most severe limitations to crop production in acid soils. Inhibition of root elongation is the primary symptom of Al toxicity. However, the underlying basis of the process is unclear. Considering the multiple physiological and biochemical functions of pectin in plants, possible involvement of homogalacturonan (HG), one of the pectic polysaccharide domains, was examined in connection with root growth inhibition induced by Al. † Methods An immunolabelling technique with antibodies specific to HG epitopes (JIM5, unesterified residues flanked by methylesterifed residues; JIM7, methyl-esterified residues flanked by unesterified residues) was used to visualize the distribution of different types of HG in cell walls of root apices of two maize cultivars differing in Al resistance. † Key Results In the absence of Al, the JIM5 epitope was present around the cell wall with higher fluorescence intensity at cell corners lining the intercellular spaces, and the JIM7 epitope was present throughout the cell wall. However, treatment with 50 mM Al for 3 h produced 10 % root growth inhibition in both cultivars and caused the disappearance of fluorescence in the middle lamella of both epitopes. Prolonged Al treatment (24 h) with 50 % root growth inhibition in 'B73', an Al-sensitive cultivar, resulted in faint and irregular distribution of both epitopes. In 'Nongda3138', an Al-resistant cultivar, the distribution of HG epitopes was also restricted to the lining of intercellular spaces when a 50 % inhibition to root growth was induced by Al (100 mM Al, 9 h). Altered distribution of both epitopes was also observed when of roots were exposed to 50 mM LaCl 3 for 24 h, resulting in 40 % inhibition of root growth. † Conclusions Changes in HG distribution and root growth inhibition were highly correlated, indicating that Alinduced perturbed distribution of HG epitopes is possibly involved in Al-induced inhibition of root growth in maize.
INTRODUCTION
Aluminium (Al) toxicity is one of the most severe limitations to crop production in acid soils around the world (Kochian, 1995; Matsumoto, 2000; Ma, 2007) . Al primarily inhibits root elongation, along with uptake of water and nutrients, which ultimately results in the loss of production. However, the primary causes leading to the inhibition of root elongation are still unknown. One of the major controversies stems from the discrepancy as to whether Al toxicity results from apoplastic or symplastic lesions. When roots are exposed to Al, the cell wall is the first site in contact with Al. Therefore, it is unlikely that Al toxicity occurs from symplastic lesions without influencing cell wall functions. Several lines of evidence support apoplastic lesions as primary factors in Al toxicity. First, cell walls are the major sites of Al accumulation. For example, in giant algal cells of Chara coralline, up to 99 . 9 % of the total cellular Al accumulated in the cell wall (Taylor et al., 2000) and almost 90 % of the total Al was associated with cell walls of cultured tobacco cells (Chang et al., 1999) . Secondly, binding of Al to cell walls affects important properties like decreasing extensibility (Tabuchi and Matsumoto, 2001; Ma et al., 2004) . Furthermore, Al also causes changes in cell wall polysaccharides. For example, Al treatment resulted in the accumulation of pectin and hemicellulose in both monocots (Tabuchi and Matsumoto, 2001; Eticha et al., 2005; Yang et al., 2008) and dicots (Van et al., 1994) . Therefore, the cell wall is one of the major targets of Al toxicity and plays a very important role in Al-induced inhibition of root elongation.
Pectin is a major component of primary cell walls of all land plants and plays many important roles in plant growth and development including cell expansion (Willats et al., 2001a; Pelloux et al., 2007) . Al stress has been demonstrated to increase cell wall pectin content in a number of plant species (Van et al., 1994; Eticha et al., 2005; Yang et al., 2008) , which implies the possible involvement of pectin in Al toxicity. Binding of Al to pectin may hamper the binding of newly synthesized polysaccharides to cell wall materials and result in disordered deposition of pectin and reduced cell elongation. Furthermore, not only pectin content but also structural features which are mainly modified by pectin methylesterases (PME) are involved in its physiological and biochemical functions. that the partial inhibition of PME by antisense RNA reduced root elongation in transgenic pea hairy roots. Therefore, it will be interesting to investigate whether the pectin structural features are changed or not during the Al-induced root growth inhibition process. PMEs play a major role in pectin remodelling in muro and belong to large multigene families. But overall changes in PME activity do not reflect specific structural features of pectin. Immunocytochemical approaches with anti-pectin antibody probes provided a powerful way to further our understanding of the structure/function relationships of pectin and Al (Yang et al., 2008) . This method was also adopted to investigate the relationship between cadmium-induced inhibition of flax hypocotyl and changes in pectin structural features (Douchiche et al., 2007) . In the present study, changes in homogalacturonan (HG) structures, one of the major pectic polysaccharide domains, were investigated during the course of Al-induced root growth inhibition in both Al-resistant and Al-sensitive maize cultivars. Evidence is provided that disorganized distribution of HG epitopes in the cell wall is associated with Al-induced root growth inhibition in maize.
MATERIALS AND METHODS

Plant material and growth conditions
Seeds of two maize (Zea mays L.) cultivars, 'Nongda3138' (Al resistant) and 'B73' (Al sensitive) were soaked in de-ionized water for 30 h and then transferred to an incubator at 25 8C for germination in the dark for 2 d. Germinated seeds were transferred to a plastic net tray floating in a plastic container filled with 5 L of 0 . 5 mM CaCl 2 solution at pH 4 . 5. The solution was renewed daily. The seedlings were grown for 3 d in the growth chamber with a 14-h/26 8C day and a 10-h/ 23 8C night regime, a light intensity of 250 mmol photon m 22 s 21 and a relative humidity of 70 %.
Al treatments and growth measurements
A compartmental hydroponic screening system was adopted to measure the effect of Al on root elongation . In brief, uniform-sized seedlings were transplanted to 18-mL opaque glass test tubes containing 17 mL of treatment solution. The seedlings were planted one to each tube. Al resistance was examined by measuring root elongation of primary roots of the 3-d-old seedlings, after they were grown in 0 . 5 mM CaCl 2 solution, pH 4 . 5, containing 0 or 50 mM AlCl 3 . Root length was measured with a ruler before and after treatments (3 h or 24 h). In another case, roots were exposed to 0 . 5 mM CaCl 2 solution ( pH 4 . 5) containing 0 or 100 mM Al for 9 h.
Lanthanum (La) treatment
The protocol for La treatment was the same as used for Al treatments. In brief, 3-d-old seedlings were subjected to a solution of 0 . 5 mM CaCl 2 (pH 4 . 5) containing 0 or 50 mM LaCl 3 . Root length was measured with a ruler before and after 24-h treatments.
Monoclonal antibodies
Rat monoclonal antibodies, JIM5 and JIM7, were used. They are kindly donated by Prof. Knox from the University of Leeds. JIM5 is an antibody that specifically recognizes a relatively low-methylesterified HG epitope, and JIM7 is an antibody that specifically recognizes relatively a highmethylesterified HG epitope. Detailed information on the generation of the antibodies and the epitopes recognized are given in Clausen et al. (2003) .
Immunolabelling of HG epitopes
After treatment, roots were hand-sectioned from 2 mm behind the apex and directly collected into a fixation solution containing 4 % paraformaldehyde in 50 mM PIPES (1,4-piperazine-diethanesulphonic acid), 5 mM MgSO 4 and 5 mM EGTA (ethylene glycol bis(b-amino-ethylether)-N,N,N 0 ,N 0 -tetraacetic acid), pH 6 . 9. After 1 h of fixation at room temperature, the samples were washed repeatedly with phosphate-buffered saline (PBS) and blocked with 0 . 2 % BSA in PBS for 30 min. Then the samples were incubated with the monoclonal antibodies JIM5 and JIM7, diluted 1 : 10 in PBS containing 0 . 2 % BSA, for 2 h. Subsequently, the samples were washed three times in PBS and incubated with goat anti-rat IgG (whole molecule) FITC conjugate, diluted 1 : 50 in PBS containing 0 . 2 % BSA for 2 h at 37 8C. Then samples were washed briefly with PBS three times and mounted on glass slides and examined under the laser scanning system LSM 510 confocal microscope (Zeiss).
Control samples (treated with secondary antibody instead of primary antibody) were examined and, as no fluorescence was observed, these images are not shown. To verify whether the presence of Al interferes with immunofluorescence labelling, a desorption experiment with 1 mM citric acid in 0 . 5 mM CaCl 2 solution ( pH 4 . 5; see Fig. 6 ; þAl þ Cit) or with 0 . 5 mM CaCl 2 solution ( pH 4 . 5; see Fig. 6 ; þAl þ Ca) was conducted with seedlings treated with 100 mM Al for 9 h. Roots were placed in desorption solution which was replaced once during a 30-min desorption period. After being washed with de-ionized water three times, roots were used for haematoxylin staining according to Polle et al. (1978) . In a parallel experiment, roots were used for immunolabelling of JIM7-recognized HG epitopes as described above.
Experimental design and images analysis
Ten seedlings were used per treatment, and about 30 sections were made from ten replications per treatment. Experiments were independently repeated twice, and the data shown are representative of two independent biological replicates. Photoshop 7 . 0 (Adobe Systems) was used to compile the fluorescence images.
RESULTS
Al impacts on root growth
The primary symptom of Al toxicity is the inhibition of root elongation. In the present study, relative root elongation was used to indicate the effect of Al on root growth. Root elongation was inhibited by about 10 % after a 3-h treatment with 50 mM Al in both varieties of maize. After 24-h exposure, root elongation was inhibited by 50 % in 'B73'; however, root elongation in 'Nongda3138' was not further inhibited by prolonged exposure (Fig. 1) , indicating that 'Nongda3138' is resistant to Al compared with 'B73', which is sensitive to Al (Piñeros et al., 2005) .
Al impacts on JIM5-and JIM7-recognized HG epitopes in 'B73' JIM5 (relatively low methyl-esterified epitopes) mainly stained HG in the cortex of 'B73' maize primary roots, and was bound throughout the cell walls, especially in the intercellular spaces of the root apex in the absence of Al. After 3 h of Al treatment, the fluorescence appears to be restricted to the lining of intercellular spaces and becomes faint in the middle lamella which is the HG-rich intercellular material cementing together the primary walls of adjacent plant cells ( Fig. 2A) . However, after 24-h exposure with root elongation inhibition of 50 %, the fluorescence becomes faint with irregular distribution around cell walls (Fig. 2B) .
JIM7 (relatively high methyl-esterified epitopes) localized HG not only in the cell walls of cortical cells in maize primary roots, but also in vascular tissues. Similar to JIM5, JIM7 stained throughout the cell walls in the root apex in the absence of Al. After 3-h exposure to 50 mM Al, the fluorescence was confined to the lining of intercellular spaces, and the fluorescence in the middle lamella disappeared (Fig. 2A) . The fluorescence also became faint and had an irregular distribution after 24-h exposure to 50 mM Al (Fig. 2B) .
Al impacts on JIM5-and JIM7-recognized HG epitopes in 'Nongda3138'
In the absence of Al, the distribution of JIM5-and JIM7-recognized HG epitopes in 'Nongda3138' was similar to that in 'B73' (compare Fig. 2 with Fig. 3 ). After roots were treated with 50 mM Al for 3 h, fluorescence of JIM5-and JIM7-recognized HG epitopes was located in the lining of intercellular spaces and disappeared from the middle lamella (Fig. 3A) . With prolonged treatment of roots with 50 mM Al for 24 h, such restricted distribution became more evident (Fig. 3B) . When 'Nongda3138' was exposed to 100 mM Al for 9 h, root elongation was inhibited by about 50 % (Fig. 4A) , which was similar to that in 'B73' with 24-h exposure of 50 mM Al (Fig. 1) .This caused a change in the distribution of both JIM5-and JIM7-recognized HG epitopes similar to that found in roots treated with 50 mM Al for 24 h (compare Fig 3B with Fig. 4B ).
Impacts of La on root growth and distribution of HG epitopes
Root elongation of 'Nongda3138' was inhibited by 40 % when roots were exposed to 50 mM La for 24 h (data not shown). The distribution of JIM7-recognized HG epitope after La treatment was also altered (Fig. 5) , similar to that which occurred in Al treatment (Figs 3 and 4) .
Effect of citrate desorption on the distribution of HG epitope
Haematoxylin staining has been used widely to detect Al accumulation in roots visually (Polle et al., 1978) . Seedling roots of 'Nongda3138' treated with 100 mM Al for 9 h were heavily stained with haematoxylin ( Fig. 6A ; þAl þ Ca). After the roots were washed with 1 mM citric acid for 30 min, the staining intensity was significantly reduced ( Fig. 6A ; þAl þ Cit), indicating that Al has been removed from the root apex. Roots without Al treatment were not stained by haematoxylin ( Fig. 6A; -Al) . However, there was no difference in the distribution of JIM7-recognized HG epitope between þAl þ Ca and þAl þ Cit treatments (Fig. 6B) , suggesting that Al bound to cell walls does not interfere with immunolabelling.
DISCUSSION
Pectic polysaccharides are proposed to influence a range of cell wall properties such as cell expansion, cell development, intercellular adhesion and defence mechanisms (Willats et al., 2001b; Pelloux et al., 2007; Mohnen, 2008) . Several studies demonstrated that Al accumulated in the cell wall is mainly bound to pectin. For example, Chang et al. (1999) found about 72-82 % of the total cellular Al was associated with pectin in cultured tobacco cells. Schmohl and Horst (2000) and Horst et al. (1999) found that increased pectin content resulted in higher Al accumulation and lower Al resistance in maize suspension cells and roots. However, the underlying basis of how the bound Al inhibits cell elongation is still unknown. In the present study, the anti-HG monoclonal antibodies were employed to illustrate changes of HG distribution during the course of Al-induced root growth inhibition. The inhibition of root elongation of 'B73', an Al-sensitive cultivar, was well correlated with changed HG distribution in a timedependent manner (Figs 1 -3) . In 'Nongda3138', Al-induced change in HG distribution was more evident with increasing external Al concentrations (Figs 4 and 5) . Furthermore, such changes were also related to root growth inhibition (Figs 1, 4 and 5). These results imply that Al-induced changes of HG epitope distribution are possibly involved in Al-induced root growth inhibition. When root growth was inhibited, similar impacts between La and Al on the distribution of both epitopes further confirmed that the disorganized distribution is related to root growth inhibition (Fig. 5 ). Although it is not possible to provide direct evidence to relate such changes with inhibition of root elongation, several lines of evidence provide clues to the present hypothesis. For example, it is well known that plant cells adhere to each other by contact across the middle lamella at HG-rich regions of the cell wall developed from cell plates formed at cytokinesis. Al-induced irregular distribution of HG epitopes in the middle lamella will potentially affect the cell separation process. Dumville and Fry (2000) reported that pectin-derived oligogalacturonides generated by pectinolytic cleavage are involved in signalling processes during development and in the defence response to plant pathogens. Al-induced changes of HG distribution structure will influence the ability of pectinase and pectolyase to cleave pectin and may also be the cause of Al-induced inhibition of the apoplastic bypass flow of solutes (Sivaguru et al., 2006), since pectin plays an important role in determining the porosity of cell walls (Carpita and McCann, 2000) . Therefore, we thought that these influences are very likely to play an important role in Al-induced root inhibition of elongation in maize.
It is interesting to note that, after Al treatment, pectin was more concentrated in the intercellular sites as both JIM5-stained low-methyl-ester HG and JIM7-stained high-methyl-ester HG showed higher fluorescence intensity (Figs 2 -4) . Intercellular sites play an important role in cell adhesion through Ca 2þ cross-linking (Carptia and McCann, 2000) . Intercellular sites also bear greater tension, and conductivity of mechanical stresses throughout a plant tissue depends greatly on the cell corners and intervening edges (Ryden et al., 2003) . It has been speculated that pectin degradation is a prerequisite to cell wall loosening and cell expansion, the enzymatic degradation of pectin being reduced by gelation with Ca and Al in vitro (Wehr et al., 2003) . Thus, it can be deduced that more Al or Ca ions will be bound to HG in intercellular sites, which in turn will reduce pectin degradation, and finally lead to inhibition of cell wall expansion and root elongation.
In the present study, since a simple Ca solution was used as the basal treatment, the possibility remains that the altered distribution of HG epitopes observed under Al stress may be the result of Al-induced boron (B) deficiency. However, since both JIM5-and JIM7-recognized epitopes showed the same distribution patterns with time spent under -Al treatment (e.g. -Al treatments in Fig. 1A, B) , the B content stored in seeds was sufficient for normal plant root growth. It was also found that supplementation of B (5 mM) cannot alleviate Al-induced root growth inhibition (data not shown), further confirming that the observed altered distribution of HG epitopes is the result of Al toxicity but not B deficiency. Corrales et al. (2008) also found that supplying B (from 4 to 32 mM) cannot alleviate Al-induced root growth inhibition in maize. However, since adequate B (16 mM) supply alleviated Al-induced cell death (Corrales et al., 2008) , the role of B in alleviating the Al-induced alteration of pectin structure deserved further research. Here, symplasmic lesions of Al toxicity are not questioned. The fact that Al mainly accumulated in the root apoplast does not necessarily imply that primary Al targets are restricted to the cell walls. In fact, several studies have demonstrated that Al also enters cytosol very quickly (Silva et al., 2000; Taylor et al., 2000) . There is also ample experimental evidence of Al interfering with cytoplasmic constituents. Therefore, it is difficult to identify the primary mechanism of Al toxicity and it is very likely that Al may target multiple sites simultaneously, not just one site Ma, 2007) . On the other hand, given the existence of the cell wall -plasma membrane -cytoskeleton continuum (Horst et al., 1999) , Al does not need to cross the plasma membrane to exert its toxic effects on plant root growth.
In conclusion, the strong correlation between Al-induced root elongation inhibition and changes in HG epitopes indicated that the disorganized distribution of HG epitopes is one of the possible mechanisms responsible for Al-induced root elongation inhibition. Three-day-old seedlings ('Nongda3138') were subjected to 0 . 5 mM CaCl 2 solution ( pH 4 . 5) either with 0 (-Al) or 100 mM Al for 9 h. After treatment, roots were washed with 0 . 5 mM CaCl 2 solution at pH 4 . 5 (þAl þ Ca) or with 1 mM citric acid in 0 . 5 mM CaCl 2 solution at pH 4 . 5 (þAl þ Cit) for 30 min. After desorption, roots were used for haematoxylin staining and immunolabelling. The images are representative of at least ten replicate roots for each treatment. Scale bars ¼ 50 mm.
